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ABSTRACT. The distribution, contribution to primary production and specific growth rates of the 
phycoerythrin-rich planktonic chroococcoid cyanobacteria Synechococcus spp. were studied in a 
transect along 70°W in the Northwest Atlantic during April 1985. Large subsurface maxima were 
observed between 32"N and 26"N (3 to 15 April). Abundances of cyanobacteria increased nearly 10-fold 
at 35"N (3 to 5 April) over a 2 wk period. The largest concentrations of Synechococcus were observed 
north of the Subtropical Front in the Sargasso Sea (26"N). Primary production by Synechococcus varied 
between 3.4 and 11.8 fgC cell-' h-' with specific growth rates that ranged from 0.5 to 1.2 d-' as 
determined by epifluorescence track autoradiography. Their contribution to total primary production (as 
measured by differential filtration) ranged from 60 to 95 O/O of the total. 
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INTRODUCTION 
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Recent research has indicated that phycoerythrin- 
rich chroococcoid cyanobacteria of the genus Syne- 
chococcus are a significant component of the pico- 
plankton (Waterbury et al. 1979, Johnson & Sieburth 
1979, 1982, Glover 1985). They are often the most 
abundant photoautotrophs in mesotrophic and oligo- 
trophic regions, with cell concentrations ranging from 
lo3 to 105 cells ml-' (Waterbury et al. 1979, Johnson & 

Sieburth 1979, 1982, Krempin & Sullivan 1981, Camp- 
bell et al. 1983, Murphy & Haugen 1985). 

Photosynthetic rates of Synechococcus spp. are 
likewise thought to be high, but are uncertain because 
rate measurements are typically estimated by means of 
size fractionation, and the cyanobacteria lumped 
within the picoplankton (size fraction < 3  pm). This 
fraction often accounts for between 45 and 60 % of the 
total primary production (Li et al. 1983, Platt et al. 1983, 
Takahashi & Bienfang 1983, Glover et al. 1986, Prezelin 
et al. 1986). More specific fractionation for Syne- 
chococcus spp. support the presumed high specific 
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growth rates; h o r v e v e ~ ,  iew studies nave investigated 
the specific photosynthetic rates of Synechococcus spp. 
in the field. The only available information about 
specific I4C-uptake by Synechococcus in natural sam- 
ples using epifluorescence nuclear-track autoradiogra- 
phy has been reported by Douglas (1984) for marine 
environments, and Fahnenstiel et al. (1986) for lakes. 
These investigations have also confirmed high photo- 
synthetic and growth rates for Synechocococcus spp. 
The high specific growth rates implicate these 
cyanobacteria as a significant component of the micro- 
bial food web (Iturriaga & Mitchell 1986). 

The present study documents the spatial and tem- 
poral variability of Synechococcus spp. in the Sargasso 
Sea in spring 1985. We also estimate growth rates from 
2 independent isotopic techniques, document the 
changes in abundance occurring at the same site over a 
2 wk period, and estimate population losses. 

METHODS 

Experiments were performed during Biowatt I, a 
cruise from 3 to 26 April 1985 aboard the RV 'Knorr' in 
the Northwest Atlantic Ocean. Stations were located on 
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a north-south transect along 7O0W (Fig. 1). Routine 
hydrographic measurements were conducted at each 
station. 

Counts of Synechococcus spp. were made from at 
least one hydrocast for all stations on the cruise. For 
Stns 04, 10 and 19 (Fig. l ) ,  which were occupied for a 
period of 5 or more days each, samples were collected 
from 4 to 6 hydrocasts. Primary production experiments 
were performed at these long-duration stations; how- 
ever, data for comparison of differential size fractiona- 
tion with autoradiography are available only from Stns 
10 and 19. 

Water samples were assayed for Synechococcus spp. 
abundance by filtering onto 0.4 pm Nuclepore filters 
(Hobbie et al. 1977) and counting the cells by epi- 
fluorescence microscopy (Watson et al. 1977). The 
samples were also examined for paired cells, indicating 
a stage in cell division. Measurements of primary pro- 
duction were made in water samples collected from ? to 
10 depths in the euphotic zone. Water samples were 
placed in 250 m1 polycarbonate bottles. NaH14C03 was 
added, and the samples incubated in situ at their 
respective depths from dawn to dusk. A parallel set of 
samples was incubated for use in nuclear-track auto- 
radiography as described below. 14C stocks were pre- 
pared according to the trace-metal clean procedures 
outlined in Fitzwater et al. (1982). For chlorophyll a 
analyses we used the fluorometric method with 90 '10 
acetone extraction described in Smith et  al. (1981), 
using a Turner 111 fluorometer which had been cali- 
brated with pure chlorophyll a. 

Primary production and growth rates of Syne- 
chococcus spp. were determined by 2 different pro- 
cedures using the 14C uptake technique. One approach 
combined filter fractionation and cell counts by epi- 
fluorescence microscopy (Iturriaga & Mitchell 1986), 
and the other combined epifluorescence microscopy 
and nuclear-track autoradiography (Fuhrman & Azam 
1982, Fahnenstiel et al. 1986). A slight modification was 
introduced to this last procedure. After incubation, the 
samples were first screened through a 3 pm Nuclepore 
filter (gravity pressure only) to eliminate larger phyto- 
plankton cells. Small volumes (25 ml) of the filtrate 
were then filtered through 0.4 pm Nuclepore filters and 
rinsed 4 to 5 times with 5 m1 of 0.2 pm filtered seawater 
to diminish the background from remnant NaH14C03. 
The samples were not acidified or exposed to fixatives. 
Afterwards the cells were transferred, inverting the 
filters onto cover slips coated with a gelatin mixture 
(gelatin water 5 % w/v, glycerol 30 % v/v, sodium azide 
0.2% w/v) and then peeled off. These slides were 
stored frozen until prepared for nuclear-track auto- 
radiography in the laboratory (Knoechel & Kalff 1976). 
To minimize fading of the cells' natural autofluores- 
cence the exposure time was limited to 1 to 3 d (Fah- 
nenstiel et al. 1986). Growth rates for Synechococcus 
spp, were calculated from carbon fixation values and 
expressed on a daily basis. Carbon content was esti- 
mated as a function of cell volume using the factor of 
12 X 1015 fg C (Watson et al. 1977). 

RESULTS AND DISCUSSION 

Fig. 1. Station locations in the Northwest Atlantic for the cruise 
Biowatt 1 ( 3  to 26 Apnl 1985) Stns 4 and 19 are in the Northern 
Sargasso Sea, and south and east of the Gulf Stream. Stn 10 is 
south of the sub-tropical convergence front (STC) (ca 26"N) 

and in the Southern Sargasso Sea 

Synechococcus spp. abundances 

Major features of North Atlantic circulation are 
apparent from the north-south transect of temperature 
obtained by expendable bathythermographs (XBT) 
(Dickey et al. 1985; Fig. 2a). The north end of the 
transect, observed between 33" and 35" N, was charac- 
terized by a water mass of 18 to lg°C. There was little 
stratification in temperatures, with differences less 
than 1 to 2C0 over the upper 200 m. This probably 
represents the initial spring warming of the surface 
layer from the 18" water representative of wintertime 
convective cooling in this region of the Sargasso Sea. 
To the south, the waters sampled in the transect exhibit 
greater stratification and warmer surface temperatures. 

Another large-scale feature apparent in the XBT 
section (Fig. 2a) is the strong thermal front observed 
near 26" N, the Sub-Tropical Convergence (STC). The 
STC divides the North from the South Sargasso Sea 
(Hulbert 1964), and indicates the southern limit of win- 
tertime convective mixing (Worthington 1976). South of 
the STC, the observed stratification intensifies; here 
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Fig. 2. (a) Temperature, (b) photosynthetically active 
irradiance (PAR), and (c) coccoid cyanobacteria, as a function 
of depth along the transect (Stns 4 to 10) shown in Fig. 1 (8 to 
12 April 1985). Temperature data from expendable bathyther- 
mographs launched every 100 km along the transect. PAR ("10 
surface value) computed from data collected by the Bio-Opti- 
cal Profilings Systems (BOPS; Marra et al. unpubl.). In (c) 

sample depths are shown as X ,  isopleths in cells ml-' 

the depth of the mixed layer varied between 30 and 
40 m. The euphotic zone, as defined by the depth of 
penetration of 1 % of surface irradiance (I,), also 
increases (Fig. 2b) indicating greater water clarity 
towards the south. The depth of the 1 O/O irradiance 
level increases from between 50 and 60 m at 35' to 
between 140 and 150 m at 24"N. 

Transects of Synechococcus spp. abundance meas- 
ured from 3 to 15 April showed large changes both in 
abundances and depth distributions (Fig. 2c). Overall, 
cell number densities of Synechococcus spp. declined 
from north to south, and surface maxima gave way to 
subsurface maxima between 34" and 26" N, the general 
trend following the deepening of the isotherms. Peak 
abundances at 32"N were ca 14 000 cells ml-l. A large 
gradient in cell number occurred just to the north of the 
STC, and it is possible that the STC represents a 
boundary for Synechococcus spp. It has previously 
been suggested that the STC is a partition between 
differing phytoplankton populations (Hulburt 1964). 
Our distribution data complement those of Murphy & 
Haugen (1985). Their data for the North Atlantic range 
from 30 to 60°N for April and May, and show that 
abundance is apparently temperature dependent, with 
higher water temperatures showing higher numbers of 
cyanobacteria. In our data, this is only true north of the 
STC, and suggests that other factors such as nutrient 
supply via vertical mixing may affect oceanic distribu- 
tions of cyanobacteria. 

North of the STC, maximum cell abundances were 
cbserved in the upper 50 111 whiie soutn of the front 
(24"N), maxima in cell abundances were observed near 
100 m depth. Along t h s  transect the deepening of the 
euphotic zone (1 O/O I,) was also followed by the deepen- 
ing of the abundance maxima. This supports previous 
observations suggesting that Synechococcus spp. may 
make their major contribution near the bottom of the 
euphotic zone (Li et al. 1983, Platt et al. 1983), at least 
in well-stratified water columns. 

Vertical profiles of Synechococcus spp. show this 
more clearly (Fig. 3). Here, vertical profiles of cell 
abundances are compared at 3 locations along the 
north-south transect (see Fig. 1). At the northernmost 
station (Stn 4; Fig. 3a) abundances are about 2000 to 
9000 cells ml-' within the euphotic zone with a max- 
imum at 20 m. South of the STC (Fig. 3d), cell numbers 
are quite low with a maximum at 100 m. At Stn 19 (19 to 
24 April; Fig. 3c), Synechococcus spp. abundances 
increase approximately 10-fold when compared to Stn 
4 earlier in the month (4 to 7 April; Fig. 3a). For both 
periods maximal abundances were found between 20 
and 30 m depth, lying near the depth of 10 O/O I,. 

The net-cumulative growth rate between these 2 
periods is calculated as follows. First, mean euphotic 
zone concentrations were calculated according to 
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Fig. 3. Temperature ("C), cyanobacteria (no. ml-l), and chlorophyll a (pg I-') as a function of depth at (a) station-cast 4-19 (5 April 
19851, (b) 10-19 (13 Apnl), (c) 19-50 (22 Apnl), and (d) 19-81 (24 April) 

where N(z)  is the cell number at depth z; and ze is the 
depth of the euphotic zone. Next, growth rates were 
calculated according to 

The subscripts i and j refer to hydrocasts taken during 
Stns 4 and 19, respectively; tij = time between these 
respective hydrocasts (in d);  and rij is the net growth 
rate during time t i j .  The r,,'s were then averaged to 
produce the ensemble mean, M, 

The ensemble mean net growth, M, is 0.08 d-' which 
corresponds to a doubling of cell number about every 
8 d. We evaluate this estimate of net-cumulative 
growth rate in the context of carbon assimilation and 
grazing in the sections below. 

Carbon assimilation 

Itumaga & Mitchell (1986) established that the What- 
man 934-AH glass-fiber filter passed 50 to 60 % of the 
total cyanobacterial population in the oligotrophic 
ocean, and also suggested that the filtrate contained 
almost pure (ca 90 O/O) cyanobacteria as autotrophs. This 
size fractionation would therefore be useful in photo- 
synthetic studies of natural populations. For the 
Biowatt I cruise, post-incubation filtrations and subse- 
quent cell counts showed that on average the 934-AH 

passed 58 % of the cyanobacteria. Microscopic exami- 
nation also showed that the filtrates were largely free of 
eucaryotic autotrophs. However, in some cases red 
fluorescing cells of similar size to Synechococcus were 
detected under the epifluorescence microscope. The 
presence of these small eucaryotes varied with sample 
location and depth. Ituniaga & Mitchell(1986) reported 
that the 934-AH filtrates in some cases contained up to 
10 % of small red-fluorescing eucaryotes. Under the 
epifluorescence microscope, a taxonomic identification 
of these cells is not feasible. Differential filtration is a 
fast and easy procedure to estimate photosynthetic 
rates of a determined size class; however, a discrete 
fractionation without contamination of different cells 
with approximate size is not possible. This may explain 
in part the higher rates observed in the size-fraction- 
ated samples when compared with the single-cell rates 
determined by nuclear track autoradiography dis- 
cussed below. 

The contribution of cyanobacteria to the total prim- 
ary production was calculated assuming that the rate 
found for the cyanobacteria passing the 934-AH filter 
could be extrapolated to those retained by that filter. 
Therefore the carbon assimilation per cyanobacterium 
in the post-incubation filtrates was multiplied by the 
logarithmic mean of the total population enumerated 
prior to, and after, the in situ incubation. As mentioned 
above, this procedure will overestimate the contribu- 
tion of cyanobacteria to total primary production since 
other small autotrophs will also pass the 934-AH. The 
magnitude of this overestimate will be considered 
below with the autoradiographic data. It is useful to 
mention at this point that the sum of primary produc- 
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tion in the respective size fractions was always close to 
the unfractionated (total), thus manipulations of this 
data result in only small error. 

The results of the differential filtration measurement 
are shown in Fig. 4. For most cases, the cyanobacterial 
production exhibited a nlaxinlum at 30 to 40 m depth 
for Stn 19, and 50 m for Stn 10. This corresponds to 
about 20 % of surface irradiance. Below this maximum, 
cyanobactena account for anywhere from 50 to l00 % 
of total carbon assimilation. The data of 24 April are the 
exception to this pattern, showing a maximum at the 
surface. At Stn 10, production is low with no distinct 
maximum of cyanobacterial production. In the North 
Sargasso (north of the STC) cyanobacteria appear to be  
contributing a greater proportion of the production 
deeper in the water column. Again, the data of 24 April 
appear anomalous since there is no reduction of photo- 
synthesis at the surface. 

Carbon-specific growth rates 

It has been reported that natural populations of 
Synechococcus spp. exhibit a die1 pattern in the fre- 
quency of dividing cells where the highest percentage 
of dividing cells is found after dusk with low values 
during the morning (Campbell & Carpenter 1986a). We 
found no significant correlation between specific 
growth rates of Synechococcus spp. and cell abun- 
dance (r = 0.41, n = 14) or between the number of 
paired rells and specific growth rates in s. sample 

(r = 0.21, n - 14). We also found no significant correla- 
tion between cell abundance and number of paired 
cells (r = 0.02, n = 14). During Biowatt I, samples for 
productivity measurements of Synechococcus spp. and 
cell counts were taken before dawn or dunng the 
morning, and this could perhaps explain the lack of 
correlation between specific growth rates and number 
of paired cells that we observed. 

The carbon-specific production and growth rates 
based on epifluorescence nuclear-track autoradiogra- 
phy are shown in Table 1. A comparison of growth rates 
obtained by autoradiography and by differential filtra- 
tion is shown in Fig. 5. Generally the production rates 
by microautoradiography underestimate, by a factor of 
2, the rates determined from differential filtration, and 
this is reflected in the growth rates in Fig. 5. The reason 
for this descrepancy is probably the aforementioned 
presence of small eucaryotes in the < 1 pm filter frac- 
tion. Nevertheless, there is a positive correlation 
between the 2 methods (p 5 0.05, n = 14). The means 
for the growth rates are 0.7 d-' for autoradiography and 
1.5 dC1 for differential filtration. 

These estimates of the growth rates are larger by a 
factor of almost 10 than the net-cumulative growth 
rates determined from the increase in cells over the 
period between visits to 35"N, 70°W. Since 
Synechococcus spp. are very small cells and therefore 
have a negligible sinking rate it is likely that this 
difference is caused by grazing. We can roughly esti- 
mate the grazing loss from the 'true' growth rate deter- 
mir?ed from the ~ ~ t n r a d i n ~ r a p h y ,  Y--  assignin- Y +ha --- x r a h r n  *U-uL 
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Fig. 4. Photosynthetic carbon assimilation in particulate matter collected on Millipore HA filters ('Total') and that collected by 
Whatman 934-AH glass fiber filters ('Cyano') as a function of depth for 3 experiments during the cruise 
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Table 1. Synechococcus spp. Micro-autoradiographic growth 
rate determinations on Biowatt I (April 1985) in the northwest 

Atlantic Ocean. See Fig. 1 for station locations 

Date Depth f9C 
Stn-Cast (m) cell-'h-' 

13 Apr 29 6.20 
10-19 
15 Apr 8 11.78 
10-53 26 6.89 

75 6.31 
20 Apr 3 4.88 
19-19 10 6.22 

36 4.68 
52 3.95 
7 6 3.40 

22 Apr 10 5.21 
19-50 51 8.36 

7 5 8.78 
24 Apr 3 3.82 
19-8 1 20 4.96 

35 11.49 
50 7.79 
75 4.06 

fgC Growth 
cell-Id-' rate (d-l) 

74.4 0.778 

from Eq. (3) above, 

where r, = growth rate determined from autoradio- 
graphy (0.7 d-l) ;  and g = computed average grazing 
rate necessary to balance the growth rates. This calcu- 
lation assumes that the scale of variability in space is 
large relative to the ca 2 wk sampling interval. Since 
M = 0.08 d-' grazing is computed to be  0.62 d-'. 

Current information about grazing rates upon 
chroococcoid cyanobacteria in the ocean is limited to 
few measurements, and different approaches have 

p - MAR (d . ' )  

Fig. 5. Comparison of growth rate estimates of cyanobacteria 
from the differenhal filtrahon technique (11-DF) and micro- 

autoradiagraphy method (F-MAR) for all data 

been used. Landry et al. (1984) report grazing rates of 
0.2 d-' by the seawater dilution culture technique. 
Iturriaga & Mitchell (1986) estimate grazing losses of 
0.3 d-'  using 14C-labelled Synechococcus spp. (clone 
'DC-2'). Campbell & Carpenter (1986b) estimate a 
grazing rate of 0.35 d-' at an oceanic warm core eddy 
and up to 0.83 d-'  at a coastal station. Both these last- 
mentioned estimates are derived by the dilution culture 
technique and the use of selective metabolic inhibitors. 

To be  considered in the evaluation of these rates are 
the different environments where such measurements 
are performed as well as the large temporal variability 
in abundance that chroococcoid cyanobacteria 
undergo. Such population changes can to a large 
extent affect the grazing intensity. In spite of the differ- 
ent  factors that influence such estimations, the data 
thus far suggests that a large fraction (ca 4 0 % )  of the 
Synechococcus spp,  standing crop is consumed daily. 
The effective metabolic utilization of Synechococcus 
spp,  by micrograzers in the ocean demonstrated by 
microautoradiography also indicates a significant 
trophic transfer occumng between cyanobacteria and 
micrograzers (Iturriaga & Mitchell 1986). Syne- 
chococcus spp. constitute a large fraction of total prim- 
ary production and are arguably one of the most impor- 
tant primary producers in the oligotrophic ocean. The 
evidence cited here suggests that they also represent a 
major link in the transfer of carbon within the pelagic 
food web. 
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